To investigate relationshi.Qs between mercury speciation and site-specific factors in temperate freshwaters, we measured the concentration of seven Hg species along with 18 environmental variables in the surface waters of 23 northern Wisconsin lakes during spring and fall. The lakes spanned relatively wide gradients in Hg (0.15-4.8 ng liter ') and methylmercury (MeHg: 0.04-2.2 ng liter-I). Over the range ofmeasured variables, Hg and MeHg were most strongly correlated with each other (r2 = 0.83-0.88) and with dissolved organic C (DOC) (r2 = 0.64-0.92). Multiple regression models containing DOC and a (DOC x pH) interaction term accounted for 85-90% of the variability in Hg and MeHg between lakes.
Elevated mercury in freshwater fi:;h has become an environmental problem of global proportion due to the longrange atmospheric transport and deposition of Hg, but there is considerable uncertainty about the localized effects of lake-specific variables on the distribution and bioaccumulation of Hg species in fieeshwaters. Although atmospheric deposition is generally acknowledged as the dominant source of Hg to terrestrial and aquatic ecosystems in the northern hemisphere (Mierle 1990; Lindqvist et al. 199 1; Watras et al. 1994) , reported concentrations of Hg in fish tend to vary widely within regions that presumably receive uniform Hg diepositional loadings (Spry and Wiener 199 1) .
Several environmental correlates of Hg in fish (fish-Hg) have been identified in synoptic surveys of freshwaters in the northern hemisphere. Low pH, high DOC (dissolved organic C), and low productivity (or surrogate measures such as Ca, color, and Chl a) are frequently associated with high fish-Hg (Verta et al. 1986; Hakanson et al. 1988; McMurtry et al. 1989; Wren et al. 199 1; .Fjeld Acknowledgments We thank Steve Claas, Beth Kuhn, Sue Holloway, and Mike Ouimette for assistance in the field and laboratory.
Research was supported by the Electric Power Research Institute and the Wisconsin Department of Natural Resources. This is a contribution from the Trout Lake Station, Center for Limnology, University of Wisconsin. and Rognerud 1993) . Although the biogeochemical mechanisms underlying these correlations remain unclear, factors controlling the supply of MeHg (methylmercury) to lower trophic levels may be critical (Rudd 1995) . MeHg is the species that biomagnifies in aquatic food webs and the major bioconcentrating step occurs between water and seston (Watras and Bloom 1992; Back and Watras 1995) .
Purported regulatory mechanisms include pH-dependent, sulfate-dependent, or DOC-dependent Hg methylation via biotic or abiotic pathways (Winfrey and Rudd 1990; Gilmour and Henry 199 1; Weber 1993) ; cotransport of Hg species and humic matter from terrestrial watersheds (Johansson and Iverfeldt 1994; Mierle and Ingram 199 1; St. Louis et al. 1994) ; and biodilution, whereby increased algal biomass hypothetically dilutes the amount of MeHg per unit food for consumers (D'Itri et al. 197 1; Beijer and Jernelov 1979; Meili 199 1) . Lake size has also been suggested as a determining factor because small lakes are typically warmer than large lakes and consequently may have higher rates of methylation relative to demethylation (Bodaly et al. 1993 ). Here we investigate several of these mechanisms by exploring relationships between the concentration of Hg species in surface waters and the chemical, physical, and biological properties of temperate lakes in northern Wisconsin. Recently, we developed Hg mass balances for seven of these lakes and reported chemical correlates of Hg and MeHg in lakes that were sealed from atmospheric inputs by ice cover (Watras et al. 1994 (Watras et al. , 1995b . In this [pH, DO, (dissolved oxygen) , DIC (dissolved inorganic C), DOC, Ca, Cl, S04, Fe, Mn, Mg, Na, ANC (alkalinity), Chl a, SPM (seston-suspended particulate mass), temperature, conductivity, surface area, and maximum depth]. With these data, we examine trends, simple correlations, and multiple regression models under seasonally changing conditions and provide evidence for competitive interactions between gaseous Hg evasion and Hg methylation, the cotransport of Hg and MeHg species from riparian wetlands, and antagonistic effects of organic complexation on bioaccumulation.
Methods
Study sites-The study lakes were located in the Northern Highland Lake District, Vilas County, within a few kilometers of the University of Wisconsin's Trout Lake Station (46"N, 89OW). The region is forested with mixed northern hardwoods and conifers and has a low human population density (-7 people km-2). The study lakes (Fitzgerald and Watras 1989; Fitzgerald et al. 199 1; Watras et al. 1994) . The soils are noncalcareous drift composed of granites, gneiss, and schist that ranges in thickness from -30 to 70 m (Attig 1984) . Most of the study lakes are seepage basins with no surface water inflows or outflows. Their physical and chemical characteristics are presented in Tables 1 and 2. Mercury sampling-Sampling was conducted soon after ice-out in spring (3-l 0 May) and soon after autumn mixing in fall (4-23 October) 1993. Clean technique was followed during all phases of sample collection, handling, and transport (Fitzgerald and Watras 1989; Watras et al. 1994) . The sample collection apparatus and the Teflon sample bottles were rigorously cleaned in hot acid and rinsed with copious amounts of low-Hg water prior to collection. Water samples were collected from a nonmetallic boat using an all-plastic, noncavitating submersible pump connected to short length of 1.3-cm i.d. tubing (C-flex, Colt-Palmer).
Samples for total Hg and MeHg analysis were pumped directly into 500-ml Teflon bottles at a flow rate of 5-10 liters min-'. Samples for dissolved Hg and MeHg were pumped through an acidcleaned, in-line Gelman Versaflow filtration capsule with a pore size of 0.45 pm. Samples fcr Hg" analysis were pumped into 1 -liter Teflon bottles via an overflow technique by means of a narrow extens.ion tube inserted to the bottom of the bottle.
Samples were collected from a depth of l-2 m during periods when the water column was relatively well mixed. All samples, except those for Hg" analysis, were preserved with low-Hg 6 N HCl (< 5 ng Hg liter-l) to 1% vol : vol final concentration. Samples for HgO were stored in dark coolers until analysis (usually within 12 h).
has been found to be free of matrix interferences (particulate, DOC, H2S), which reduce the recovery efficiency of the older, methylene chloride extraction (Bloom 1989) . The detection limit for MeHg ranged from 0.01 to 0.02 ng liter-* (1 SD of the reagent blank). Hg" was determined by sparging 500 ml of unfiltered, untreated lake water for 20 min with Hg-free nitrogen and trapping the volatile Hg on gold followed by thermal desorption and CVAFS detection. The detection limit for Hg" ranged from 0.004 to 0.02 ng liter-' (3 SD of the sparging blank).
Mercury analysis -Samples were analyzed directly for Ancillary constituents-Parallel samples were analyzed
HgT, HgD, MeHgT, MeHgD, and F1g". HgP and MeHgP for pH, DOC, DIC, D02, S04, Cl, Ca, Mg, Mn, Fe, Na, were calculated by difference from total and dissolved specific conductivity, ANC, SPM, Chl a, and temperadeterminations. For HgT and HgD analysis, 100 ml of ture. pH was determined with a glass combination elecunfiltered or filtered lake water were first wet-oxidized trode in a closed cell to minimize pH changes due to CO, with BrCl (Bloom and Crecclius 1983) . Following oxiexchange. DOC was determined on samples filtered dation, the samples were prereduced with NH,OH/HCl through precombusted, 0.4~bum glass-fiber filters (using a then further reduced with SnCl, and purged from solution precleaned all-glass syringe) into acid-washed, precomwith nitrogen onto gold traps. The .:rapped Hg was therbusted glass vials with Teflon-lined screwcaps. The filmally desorbed into inert carrier gas for detection by coldtered samples were wet-oxidized with sodium persulfate, vapor atomic fluorescence spectroscopy (CVAFS, Bloom heated to 2OO"C, and the liberated CO2 was measured and Fitzgerald 1988). The detection limit for Hg ranged with an NDIR detector. DIC was determined with the from 0.0 1 to 0.06 ng liter -L (1 SD of the reagent blank).
same NDIR CO2 detector on filtered samples acidified MeHgT and MeHgD were determined by aqueous-phase with phosphoric acid. DO, was determined by Winkler ethylation followed by purging of volatile methyl ethyl titration. Ca, Mg, Na, Mn, and Fe were determined by mercury onto Carbotrap (Bloom 1989 ) and then sepa-ICP. Cl and SO, were determined by IC. Specific conration by isothermal gas chromatography (Liang et al. ductivity was determined with a YSI model 32 conduc-1994) with detection by CVAFS. Before the ethylation tance meter, ANC by Gran titration, SPM on oven-dried step, MeHg was extracted from organic and sulfur com-(60°C) preweighed, 0.4~pm polycarbonate membrane filplexes in the natural matrix by dis'tillation of CH,HgCl ters using a Cahn C-3 1 microbalance, and Chl a by HPLC into pure water from an HCl-acidified sample (Horvat et (high pressure liquid chromatography) analysis of mateal. 1993). Typically 45-ml samples were distilled, with a rial collected on Whatman GF/F filters. Temperature was mean spike recovery of 89 + 5%. This recovery efficiency measured in the field at the time of sampling. Data analysis-We inspected scatterplots and simple linear regressions using untransformed data to examine the relationships between Hg species and the measured environmental variables. This inspection provided a preliminary assessment of linearity and heteroscedasticity. We constructed a correlation matrix with pairwise deletion to assess collinearity among variables (Table 3) .
Our protocol for constructing multivariate models had four phases. First, stepwise multiple regression analyses were run forward and backward with F = 4 as the criterion to include or remove independent variables. We began with 16 physical and chemical variables as well as lake surface area and maximum depth (Tables 1 and 2 ). Spring and fall data were investigated separately. Variables common to both the forward and backward stepwise regressions were then included in a standard multiple regression model. Second, the effect of removing or replacing independent variables from the standard multivariate model was evaluated with the error-mean-square as a criterion. Second-order and interaction terms were also evaluated. Third, we pooled the data from spring and fall and used ANOVA to evaluate seasonal signals in our final models (at cy = 0.05). Finally, residual plots were examined for heteroscedasticity using as our criterion the Spearman Rank Correlation between the absolute value of the residual and the value of the independent variable (P < 0.05). If heteroscedasticity was indicated, we then performed a log transformation on the dependent variable and generated a new regression model.
Because 15-45% of our dissolved determinations were below detection limits or evidenced contamination artifacts attributable to the filtration apparatus (Table 2) , most of our correlational analysis and regression modeling involved HgT and MeHgT.
Results and discussion
Concentration and speciation -Concentrations of HgT and MeHgT ranged from 0.15 to 4.8 and from 0.04 to 2.2 ng liter-l, respectively, in surface waters of the study lakes (Table 2) . On average, the dissolved fraction constituted 80% of the HgT and 60% of the MeHgT (Table  2) . Dissolved gaseous mercury, (HgO), averaged 3% of the measured HgT (Table 2) . Tenfold higher concentrations of Hg and McHg have been observed associated with plankton layers in the deep waters of some of these lakes (Watras and Bloom 1994) .
MeHg was positively correlated with Hg and there was significantly more MeHg in the lakes in fall (Fig. 1) . Second-order equations fit these data better than simple linear expressions, but heteroscedasticity complicates interpretation of these models. By performing log transformations we were able to remove the heteroscedasticity, but the regression analysis produced predictive models similar to our original second-order expressions. To simplify interpretation, we have shown curves fit to the original data with the caveat that statistical inferences strictly apply to the transformed data (Fig. 1) .
The MeHg fraction (McHg/Hg) ranged from 0.02 to 0.48 between lakes, with a median value of 0.08. Although MeHg concentrations were significantly lower in spring than fall, there was no statistically significant seasonal difference in Hg concentrations (Fig. 2) . Our regression analysis indicates that spring MeHg concentrations were 60-80% of the fall concentrations (95% C.I.), which implies a net gain of 2040% during summer across all lakes. Presumably, this seasonal increase resulted from the accumulation of MeHg due to autochthonous production or allochthonous inputs from the watershed. Di- rect atmospheric inputs of MeHg do not seem sufficient to account for a seasonal change of this magnitude (Bloom and Watras 1989; Fitzgerald et al. 199 1) .
Hg and MeHg were positively correlated with DOC and negatively correlated with pH (Fig. 3) . With measurements based on simple linear regressions, DOC accounted for 82-92% of the variability in Hg and 64% of the variability in MeHg. pH accounted for -25% of the variability in both Hg species. As one might expect from complexation considerations, the correlations between DOC and dissolved Hg or MeHg were higher than those for HgT or MeHgT (r2 = 0.85-0.92:). This effect was not observed for simple correlations with pH (r2 5 0.2). Simple correlations (r > 0.5) were also observed between Hg or MeHg and three other site-specific variables: D02, Fe, * Kd = log(C,/C,), where C, is the concentration in particles (ng kg-' DW) and C, is the dissolved concentration (ng liter-'). and Mn (Table 3) . Both Hg and MeHg were negatively correlated with DO2 and positively correlated with Fe and Mn. Given the collinearity between DOC, pH, D02, Fe, and Mn (Table 3) , the geochemical significance of these correlations is questionable. Particulate Hg and MeHg (ng liter-I) showed weak positive correlations with DOC (r2 I 0.5) and weak negative correlations with pH (r2 I 0.4). The characteristics of particle-bound Hg and MeHg are summarized in Table  4 . Particle enrichment averaged 0.2 pg g-l for Hg and 0.03 pg g-l for MeHg [both as Hg on a dry wt (DW) basis]. Despite the lower concentrations of MeHg in suspended particles, the particle-water partitioning of MeHg was about twofold higher than Hg, indicating that MeHg is the more particle-reactive species in these waters. This observation is consistent with the observation that MeHg biomagnifies in food chains, whereas non-MeHg becomes progressively more dilute (Watras and Bloom 1992; Back and Watras 1995) . Particulate matter in these waters is primarily biogenic rather than mineralogic (Watras et al. 1994) .
The partition coefficients for both Hg and MeHg were negatively related to DOC (r2 = 0.2-0.5), indicating that there was disproportionately more Hg in the dissolved phase as DOC increased (Table 4 ). This behavior suggests that DOC competes with seston for Hg, as we have observed with zooplankton and fish (Watras and Bloom 1992; Watras et al. 1994; Back and Watras 1995) . In these lakes, SPM ranged from 0.5 to 6.0 mg liter-' (mean = 1.8 mg liter-') and was not well correlated with DOC or PH.
Our multiple regression analyses indicated that models containing DOC and a DOC x pH interaction term provided good fits to the Hg and MeHg data (Table 5 ). These models accounted for 85-90% of the variability in Hg and MeHg observed between lakes. For Hg, the DOC X pH interaction term in the regression model is consistent with the equilibrium condition proposed by Hudson et al. (1994) :
HgL+ + 2H20 * H+ + Hg(OH), + HL (1) 6 ---r--[--r--r- where L represents an organic ligand, such as humic matter. Increased Hg residence time in the water column due to organic complexation would result in higher Hg concentrations, all other things begin equal (Watras et al. 1994; Hudson et al. 1994 ). However, as Hudson et al. (1994) pointed out, Eq. 1 would not apply to the monovalent CH3Hg+ ion.
Internal cycling-Equation 1 presents one internal mechanism whereby high DOC and low pH could interact to increase Mg concentrations in freshwaters. Indirectly, increased concentrations of MeHg might also result from the organic complexation of Hg provided HgL was available for methylation. The data of Miskimmin et al. (1992) suggested this is not the case for biologically mediated methylation in oxic waters. They found that the methylation of Hg(II) added to lake water decreased when DOC was also added, hypothetically because the availability of free Hg2-t ions decreased. However, more recent studies indicate that in-lake methylation occurs at much higher rates in suboxic waters (Watras et al. 1995a) , and the effect of DOC on microbial methylation in these regions where trace levels of sulfide can completely control Hg(I1) speciation remains unknown. Weber (1993) reviewed evidence for the pH-dependent, abiotic methylation of Hg(I1) by humic material, but it is unclear whether these mechanisms would apply to Wisconsin lakes.
Mass balances for seven Wisconsin seepage lakes demonstrated that the aquatic Hg cycle was characterized by high atmospheric influx, removal by sedimentation or evasive ctIlux, and by in-lake transformation to biologically sequestered MeHg (Watras et al. 1994) . Further analysis of our present data indicates that DOC and pH may affect concentrations of HgT and MeHgT by shifting the balance between Hg evasion and Hg methylation.
During spring and fall, the Hg" fraction in the surface waters of these lakes (HgO/HgT) decreased exponentially with increasing DOC (Fig. 4A,C) . Hg" is the species available for direct evasion across the air-water interface. Although gaseous evasion is a complex process involving several variables, including temperature and windspced, a decline in the relative abundance of this species suggests that there is a lower potential for evasive efflux under conditions of high DOC. Interestingly, the behavior of the MeHg fraction (MeHg/Hg) tended to mirror the Hg" fraction by increasing with increasing DOC (Fig. 4B,D) .
Together, these patterns provide evidence that high DOC and low pH favor methylatio:.? over evasion in the The biogeochemical basis for such a competitive inaquatic cycling of Hg. The seasonal,ity apparent in these teraction could stem from organic complexation, as dedata is consistent with this hypothesis. During fall, when scribed above, or from coupling between the biological MeHgT concentrations were highes,t in these lakes (Figs. cycling of C and Hg. Current data indicate that DOC of 1, 2A), the MeHg fraction was also elevated and the Hg" wetland or littoral origin dominates the bacterial C cycle fraction was depressed relative to spring values (Fig. 4A of open waters and sediments in most lakes (Wetzel 1992) D) . With respect to pH, the Hg" and MeHg fractions also and that organic C of terrestrial origin can account for as behaved in a manner consistent wilth competitive intermuch as 90% of bacterial growth requirements in darkaction ( Fig. 4E-H) .
water lakes (Hessen 1992) . Because of high light absorp- Table 5 . Results of multiple regression analyses for Hg and MeHg regressed on two hydrological characteristics (surface area and max depth) and 16 water-quality variables (temp., Chl a, pH, DOC, ANC, conductiivty, SPM, DO*, DIC, Ca, Mg, Na, Cl, S04, Fe, and Mn). Units as in Tables 1 and 2 tion and high allochthonous C inputs in dark-water lakes, C cycling tends to be more heterotrophic than phototrophic (Jones 1992) . In terms of biomass and production, the bacteria : phytoplankton ratio increases with increasing humic matter in tempcratc lakes (Jones 1992) . Such fundamental differences in the biotic cycling of C and the composition of biotic communities could underlie differences in the Hg cycle between dark-water and clearwater lakes. MeHg production is known to be a by-product of heterotrophic bacterial activity (Winfrey and Rudd 1990; Gilmour and Henry 199 l) , and there is some evidence that HgO production increases with increasing photosynthetic activity in Wisconsin lakes (Watras unpubl. data) . Investigations based on our original seven study lakes indicated that the major ions Ca2+ and SOd2-also had significant impacts on Hg cycling. Modeling by Hudson et al. (1994) showed that [Ca2+] was indirectly associated with pH-dependent HgO volatilization. There was also evidence that Ca2+ directly inhibited the transfer of MeHg at trophic levels above the phytoplankton. Likewise [SOq2-] was indirectly associated with pH-dependent volatilization, and directly associated with MeHg due to the SO4 dependence of methylation by Sod-reducing bacteria (Gilmour et al. 1992 ). However, we saw no correlating evidence supporting these hypotheses in the current study. perExternal sources-An alternative or ancillary hypothesis to these internal cycling pathways is suggested by preliminary catchment mapping of the study lakes. For lakes where we could map the relative distribution of wetland vs. upland in the adjacent terrestrial catchment, we found a significant positive correlation between lakewater DOC and percent wetland (Fig. 5) . Similar correlations between DOC and percent wetland have been reported for other catchment systems in the northern hemisphere (Koprivnjak and Moore 1992; Hope et al. 1994 ). Wetlands also appear to be important MeHg sources for some Canadian lakes. St. Louis et al. (1994) estimated that rates of MeHg export from wetland-dominated catchments are 10-l 00 x higher than those from upland dominated catchments. In these Canadian systems, lakes may function as sinks rather than sources of MeHg (St. Louis et al. 1994 ).
area to lake area in our study systems ranged up to 10, we estimate that wetland inputs of McHg could reach 6 pg (m2 lake surface)-' yr-l. This estimate of potential wetland export is within the range for net internal MeHg production that we estimated for some of these lakes (Watras et al. 1994 (Watras et al. , 1995a . By comparison, the direct atmospheric deposition of MeHg is estimated to be 0.1 pg m-2 yr-l in this region (Watras et al. 1994) .
The importance of wetland export is likely dependent on hydrologic flowpath and discharge rates. Hydrologic inputs to scepagc basins include direct precipitation, groundwater discharge, and interflow -some of which may traverse riparian wetland. We suspect that the scatter on Fig. 5 is largely attributable to variability in the relative importance of these hydrologic paths, but we do not yet have reliable water budgets for most of the systems.
Wetland-influenced catchments in the northern hemisphere arc estimated to export dissolved carbon species at rates of 10-l 00 kg ha-' yr-' (Hope et al. 1994) . Using this range of carbon export rates and a rough MeHg : DOC ratio based on the slope of our simple regression equations (0.05-0.07 ng mg--l, Fig. 2 ), we estimate that 0.06-0.6 pg MeHg (m2 wetland)-' yr-I may be cotransported with DOC. This estimate agrees surprisingly well with recent data from Canadian catchments. St. Louis et al. (1994) reported MeHg export rates of ranging from 0.1 to 0.6 pg m-2 yr-l for a wetland-dominated catchment in northwestern Ontario.
Conclusions
We conclude that both internal cycling processes and external transport pathways may contribute to the observed relationships between DOC, pH, and the concentration of Hg species in Wisconsin lakes. However, our present data do not provide a strong basis for evaluating their relative importance. We found no evidence that Hg or MeHg were related to trophic state, as indicated by Chl a concentrations over the range 0.1-13.5 pg Chl a liter-l or to variables that were not collinear with DOC or pH. Such preliminary calculations indicate that wetlands could provide a substantial fraction of the MeHg input Earlier modeling of more limited data from Wisconsin for some Wisconsin lakes. Because the ratio of wetland lakes showed that the strong complexation of both Hg and MeHg with DOC (-70%) had both positive and negative effects on bioaccumulation (IHudson et al. 1994 ). Although organic complexation increased the pool of Hg substrate for methylation, the binding of MeHg by DOC resulted in lower fish bioconcentration factors. Results of the present study with respect to sestonic Hg remain consistent with these modeling conclusj ons.
